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5-Methylaminomethyl-2-selenouridine (mnm5Se2U) is found in the ﬁrst position of the anticodon in
certain tRNAs from bacteria, archaea and eukaryotes. This selenonucleoside is formed in Escherichia
coli from the corresponding thionucleoside mnm5S2U by the monomeric enzyme YbbB. This
nucleoside is present in the tRNA of Methanococcales, yet the corresponding 2-selenouridine
synthase is unknown in archaea and eukaryotes. Here we report that a bipartite ybbB ortholog is
present in all members of the Methanococcales. Gene deletions in Methanococcus maripaludis and
in vitro activity assays conﬁrm that the two proteins act in trans to form in tRNA a selenonucleoside,
presumably mnm5Se2U. Phylogenetic data suggest a primal origin of seleno-modiﬁed tRNAs.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Selenium is an essential trace mineral for a subset of organisms
from all three domains of life. It is present in the active site of
selenium-dependent enzymes as the rare amino acid selenocys-
teine [1,2] and is also found in the form of nucleoside modiﬁcations
in certain tRNAs [3–7]. The most abundant selenonucleoside is
5-methylaminomethyl-2-selenouridine (mnm5Se2U) which has
been identiﬁed in tRNA species from bacteria [8,9], archaea [7,10],
mammals [11], and plants [12]. This nucleoside modiﬁcation has
been shown to commonly occur at the wobble position of the
anticodon in a fraction of tRNAGlu, tRNAGln, and tRNALys acceptors
where it is thought to play a role in the ﬁne tuning of codon–
anticodon interactions [13]. The mechanism by which mnm5Se2U
is formed has only been partially characterized in bacteria and
archaea. In Escherichia coli, the uridine at the wobble position 34
of the tRNA anticodon is ﬁrst thiolated by MnmA and IscS to form
2-thiouridine [14,15], and is then further modiﬁed by MnmE to
5-methylaminomethyl-2-thiouridine (mnm5S2U) [16]. Finally, the
sulfur atom in 2-thiouridine is replacedwith a selenium atom using
selenophosphate (provided by selenophosphate synthetase; SelD),
as selenium-donor [14,17,18]. A tRNA 2-selenouridine synthase
catalyzing this reaction has ﬁrst been discovered in Salmonella
typhimurium cell extract [17] and has recently been identiﬁed and
partially characterized as the product of the ybbB gene in E. coli [19].chemical Societies. Published by E
hn).YbbB is composed of an N-terminal catalytic rhodanese domain
and a C-terminal domain containing a P-loop (Walker A) motif
[19]. Rhodanese-like proteins are generally sulfurtransferases
which catalyze the transfer of sulfane sulfur from a donor molecule
to a thiophilic acceptor [20]. They represent a large and heteroge-
neous superfamily of proteins which can be grouped into four dis-
tinct classes: (I) Proteins composed of a single catalytic rhodanese
domain (e.g., GlpE, PspE), (II) fusion proteins composed of two (e.g.,
Rhobov, RhdA), three (e.g., YnjE) or up to six rhodanese domains
[21], (III) multidomain proteins where the rhodanese domain is
paired with domains of different functions (e.g., YbbB, ThiI), and
(IV) rhodanese-like proteins with an elongated active-site loop
(e.g., CDC25A) (reviewed in [20,22]). While the function of the P-
loop domain in YbbB is still unknown, it has been shown that its
rhodanese domain is responsible for catalyzing the selenium trans-
fer reaction, and a conserved cysteine residue in the active site of
this domain has been predicted to be involved in the formation
of a perselenide [19].
No obvious homolog of E. coli YbbB has been identiﬁed in the
genomes of most archaea or eukaryotes and the mechanism by
which 2-selenouridine is synthesized in these organisms is yet un-
known. The archaeon Methanocaldococcus jannaschii, however, is
predicted to possess an YbbB-like enzyme consisting of a sepa-
rately encoded rhodanese and P-loop domain [19]. Yet the pres-
ence of the presumed modiﬁed nucleoside precursor mnm5S2U
has been established by LC–MS in the tRNA of ﬁve members of
the Methanococcales [23], but orthologs of the bacterial enzymes
involved in its synthesis are missing in archaea.lsevier B.V. All rights reserved.
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log of the bacterial YbbB gene in twelve additional archaeal
genomes, and conﬁrmed its function as a tRNA 2-selenouridine
synthase through biochemical and genetic experiments. A
phylogenetic analysis of bacterial and archaeal versions of this
enzyme provides insights into the early evolution of tRNA 2-
selenouridine synthase.
2. Materials and methods
2.1. Computation and phylogenetic analysis
The identiﬁcation of ybbB genes was carried out via the ‘‘IMG
Genome Blast tool’’ on the DOE JGI website (http://img.jgi.doe.gov)
using the E. coli YbbB sequence as a query against ‘‘All ﬁnished,
permanent draft, and draft’’ genomes, with the ‘‘Compute bidirec-
tional best hits also’’ option selected. For all archaeal sequences the
output result was also veriﬁed by testing for the co-occurrence of
selD genes. Single-domain rhodanese-like proteins closely related
to YbbB were identiﬁed using BLAST and downloaded from NCBI.
For molecular evolutionary analyses, the structures of the E. coli
rhodanese proteins GlpE (PDB code 1gn0) and PspE (PDB code
2jtq), and of the 2-selenouridine synthase rhodanese domain from
Clostridium difﬁcile (PDB code 3g5j) were aligned using Multiseq in
VMD 1.9 [24]. YbbB and rhodanese-like protein sequences were
aligned to the resulting structural alignment using CLUSTAL W
[25]. Phylogenies were determined by the Neigbor-Joining method
[26] applying the JTT matrix-based model [27]. All ambiguous
positions were removed for each sequence pair. Five hundred
bootstrap resamplings were performed to assess the support for
individual branches. MEGA5 [28] was used to conduct all evolu-
tionary analyses.
2.2. Microbial strains and growth conditions.
Methanococcus maripaludis strains were grown at 37 C on solid
or liquid McCas medium under strictly anaerobic conditions with
276 kPa H2/CO2 gas (80:20 [vol/vol]) as described before [29]. Puro-
mycin (2.5 lg/ml), neomycin (1.0 mg/ml), or 8-azahypoxanthine
(0.25 mg/ml) was added to the medium as needed. E. coli Dh5a,
grown at 37 C on Luria-Bertani medium supplemented with
ampicillin (100 lg/ml) was used for plasmid cloning.
2.3. Cloning, expression and puriﬁcation of recombinant proteins
Standard methods were used for isolation of genomic DNA from
M. maripaludis, and for plasmid and genomic DNA extraction from
E. coli. For recombinant protein preparation, MMP0899 and
MMP0900 were cloned into pET15b plasmid (Novagen, Madison,
WI) individually. E. coli YbbB and SelD were expressed from strains
derived from the ASKA library [30]. Proteins were expressed in
autoinduction medium [31] at 20 C for 24 h and His6-tagged pro-
teins were puriﬁed on Talon resin (Clontech, Palo Alto, CA) accord-
ing to the manufacturer’s manual.
2.4. Gene replacement and complementation experiments in M.
maripaludis
The putative operon encoding MMP0899 and MMP0900 was
replaced by a puromycin resistance marker (pac cassette) in the
M. maripaludis S2 derivative strain Mm900 as described previously
[32], yielding M. maripaludis DselU (details shown in Supplemen-
tary data). For genetic complementation experiments the single
genes encodingMMP0899 andMMP0900, or the operon comprising
the MMP0899 and MMP0900 genes was cloned into the
M. maripaludis expression plasmid pMEV2 [33] under the controlof the constitutive Methanococcus hmvA promoter (details shown
in Supplementary data). M. maripaludis DselU was transformed
with the resulting plasmids (pMEV2-MMP0899, pMEV2-MMP0900,
and pMEV2-MMP0899-900, respectively) as described [32].
2.5. Metabolic labeling with [75Se]selenite
For radio-labeling, M. maripaludis cultures grown to an A600 of
0.8 were diluted 1:50 in 5 ml McCas medium supplemented with
7.5 lCi [75Se]selenite, and incubated at 37 C for 48 h, as described
[32]. Cells were harvested by centrifugation, washed in McCas
medium, and lysed by resuspending in dH2O. Cell lysates were sub-
jected to SDS–PAGE, followed by autoradiography.
2.6. tRNA isolation
Total M. maripaludis RNA was isolated from a 4-liter culture of
the M. maripaludis DselU strain by standard acid phenol/chloro-
form extraction. Total tRNA was then further puriﬁed by anion
exchange chromatography (details shown in Supplementary data).
2.7. In vitro tRNA selenation
[75Se]Selenide was generated by incubating 1 mM [75Se]selenite
(10 lCi) in 500 mM Tris–HCl, pH 8.5, and 250 mM DTT in an anaer-
obic chamber at 37 C for 2 h. Selenation assays were carried out
according to [19]. Brieﬂy, a reaction mixture containing 50 mM
Tris–HCl, pH 7.2, 20 mM KCl, 4 mM MgCl2, 2 mM ATP, 100 lM
HSe- (1 lCi of [75Se]selenide), 50 lMbulk tRNA, 10 lMof E. coli SelD,
and 10 lM of either MMP0899, MMP0900, or MMP0899 +
MMP0900 was incubated at 37 C in an anaerobic chamber for
30 min. The reaction was stopped by addition of phenol to the mix-
ture. Total tRNAwas then isolated by phenol/chloroform extraction
and loaded onto a 12% urea–polyacrylaminde gel. After electropho-
resis [75Se]selenium incorporation into tRNA was visualized by
phosphoimaging.3. Results and discussions
3.1. Computational identiﬁcation of tRNA 2-selenouridine synthase
homologs
A comprehensive search of the IMG genome database with the
E. coli YbbB ORF as query identiﬁed homologs in 579 of the 2508
bacterial genomes. Surprisingly, we also discovered YbbB homo-
logs in the genomes of several unicellular eukaryotes, including
green algae, chrysophytes and amoeba. Within the archaeal do-
main YbbB homologs are restricted only to members of the
Methanococcales, and are present in all of the 13 available
genomes from this order. While all bacterial and eukaryotic YbbB
proteins are encoded by a single gene, in all of the archaeal YbbB
homologs the rhodanese and P-loop domains are found as two sep-
arate polypeptides encoded in a putative operon. The gene order in
this operon is strictly conserved in all methanococcal genomes
with the gene encoding the P-loop domain always immediately up-
stream of the gene encoding the rhodanese domain. This preserved
gene organization suggests a common physiological function
shared by these two proteins. In addition, all 13 archaea also
encode selenophosphate synthetase (SelD) (Supplementary
Table 1), which produces selenophosphate, the selenium donor
for both, selenocysteine and YbbB-catalyzed selenouridine forma-
tion [34]. This in agreement with an earlier report stating that in
bacteria ybbB usually coexists with selD [35].
Unique signature motifs have been described for bacterial YbbB,
in both the rhodanese and P-loop domain [19]. To identify these
Fig. 1. Sequence alignment of bacterial and archaeal tRNA 2-selenouridine synthases. (A) Structure based alignment of the E. coli single-domain rhodaneses GlpE and PspE
and the YbbB rhodanese domain from C. difﬁcile aligned with concatenated archaeal tRNA 2-selenouridine synthase sequences. The E. coli YbbB sequence is shown as a
reference. Amino acids are colored according to sequence similarity (BLOSUM 50). The Rhodanese active site motif (CXRGGXRS), the P-loopWalker A motif, (GX4GKT), and the
conserved 33 amino acid HTH insertion motif (POOX3EX3OGX2YX7A, where O represents a hydrophobic amino acid) are shown. Residue numbering is shown adjacent to
each sequence. (B) Structural comparison of GlpE (blue), PspE (green), and the YbbB rhodanese domain (orange). The 33 amino acid HTH insertion is highlighted in purple
and active site residues in the YbbB rhodanese domain are shown.
Fig. 2. Metabolic labeling of protein and tRNA. Cell extracts of wild-type M.
maripaludis Mm900 (lane 1), Mm900, digested with proteinase K (lane 2), Mm900
DselU (lane 3), Mm900 DselU, containing the MMP0899 expression vector (lane 4),
Mm900 DselU, containing the MMP0900 expression vector (lane 5), and Mm900
DselU, containing the MMP0899-MMP0900 expression vector (lane 6) were
prepared following growth on McCas medium in the presence of [75Se]selenite.
Extracts were separated on a SDS–PAGE gel (4–20%), and the insertion of 75Se into
macromolecules was followed by autoradiography. Migration position of 75Se-
labeled RNA is indicated on the right.
Fig. 3. In vitro tRNA selenation by tRNA 2-selenouridine synthase. E. coli YbbB (lane
1), MMP0899 (lane 2), MMP0900 (lane 3) or MMP0899 and MMP0900 (lane 4) were
incubated with total tRNAs from the M. maripaludis Mm900 DselU strain and
[75Se]selenophosphate to generate selenated tRNAs. tRNAs were extracted from the
reaction and resolved by 12% Urea-PAGE, followed by autoradiography. Migration
position of 75Se-labeled tRNAs is indicated on the left.
D. Su et al. / FEBS Letters 586 (2012) 717–721 719motifs in the archaeal YbbB orthologs, we aligned the concatenated
amino acid sequences of each of the archaeal rhodanse and corre-
sponding P-loop domains against the E. coli YbbB sequence. In
addition, we compared the archaeal rhodanese-like proteins to
the structure of the YbbB rhodanese domain from Clostridium difﬁ-
cile. The concatenated archaeal YbbB sequences are 20% larger
than that of E. coli YbbB and share only 15% amino acid identity
with it. Sequence alignments show, however, that the predicted ac-
tive site loop containing the YbbB-characteristic CXRGGXRS motif
near the C-terminus of the rhodanese domain and the Walker A
motif (GX4GKT) at the N-terminus of the P-loop domain are highly
conserved among the archaeal and bacterial YbbB sequences
(Fig. 1A). A 33 amino acid insertion immediately upstream of
the rhodanese active site loop has been reported to be characteris-
tic for bacterial YbbB homologs [19]. The C. difﬁcile structure re-
veals that this insertion corresponds to a helix-turn-helix motif(Fig 1B) which is absent from other single-domain rhodanese
proteins but also occurs in the archaeal rhodanese-like proteins
(Fig 1A). In summary these ﬁndings strongly indicate that the
identiﬁed archaeal YbbB orthologs represent a bipartite version
of bacterial tRNA 2-selenouridine synthase.
3.2. In vivo analysis of tRNA 2-selenouridine synthase activity
In M. maripaludis S2 the YbbB-like rhodanese and P-loop
domains are encoded by MMP0900 and MMP0899, respectively.
To test if the gene products of these two ORFs can function as tRNA
2-selenouridine synthase in vivo we generated an M. maripaludis
deletion mutant in which we replaced the putative operon encod-
ing MMP0899 and MMP0900 with a pac-cassette. As in E. coli [19],
the resulting M. maripaludis DselU strain had no obvious growth
defect under standard cultivation conditions (Supplementary
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type and deletion mutant were grown in the presence of [75Se]sele-
nite, followed by separation of cell extracts on a polyacrylamide gel
and visualization by autoradiography (Fig. 2). In wild-type cell ex-
tract, selenium incorporation occurred into both proteins and tRNAs
(Fig. 2, lanes 1 and 2), whereas in extracts from the deletion strain
only selenoproteins but no selenium-modiﬁed tRNAs were detect-
able (Fig. 2, lane 3). This demonstrates that only one type of
selenium-modiﬁcation (presumably 2-selenouridine) is present in
archaeal tRNAs. To conﬁrm that both, the rhodanese and P-loop
domain containing subunits are required for this tRNA modiﬁcation,
the deletion mutant was transformed with a plasmid encoding
either MMP0899, or MMP0900, or both genes together under the
control of a constitutive Methanococcus promoter. Only transfor-
mants complemented with both, MMP0899 and MMP0900, were
able to incorporate [75Se]selenium into tRNAs (Fig. 2, lane 6), dem-
onstrating that MMP0899 and MMP0900 have to act in trans to
reconstitute tRNA 2-selenouridine synthase activity.
3.3. In vitro analysis of tRNA 2-selenouridine synthase activity
To further characterize the enzyme in vitro, we cloned both
MMP0899 and MMP0900 into plasmids for over-expression in
E. coli, and puriﬁed the recombinant proteins separately. A coupled
assay system was then used to test tRNA 2-selenouridine synthase
activity in vitro. [75Se]selenophosphate was produced from
[75Se]selenide and ATP by recombinant E. coli selD and subsequent
YbbB-mediated formation of 75Se-labeled tRNA was shown by urea
PAGE. As a tRNA substrate for this reaction we used total tRNA
puriﬁed from theM. maripaludis DselU strain which lacks selenium
modiﬁed tRNAs.
We found that recombinant E. coli YbbB is active in selenation of
M. maripaludis tRNA (Fig. 3, lane 1), while neither MMP0899 nor
MMP0900 could catalyze tRNA selenation by themselves (Fig. 3,Fig. 4. tRNA 2-selenouridine synthase phylogeny. Neighbor-joining tree of bacterial
representative groups of closely related single-domain rhodanese-like proteins (shaded i
Organism names are color-coded: Archaea (blue), Eukarya (red), and Bacteria (black). Olanes 2 and 3). Only when both MMP0899 and MMP0900 are pres-
ent in the reaction tRNA selenation occurs (Fig. 3, lane 4). This re-
sult is consistent with the in vivo 75Se labeling data, demonstrating
that both proteins are required for the tRNA 2-selenouridine syn-
thase activity. The data show that under our conditions the activity
of the in vitro reaction was low. This may indicate that additional
factors (proteins and/or substrates) might be missing.
E. coli YbbB was shown to bind its tRNA substrate very tightly
[19]. We conﬁrmed this ﬁnding during E. coli YbbB puriﬁcation
(data not shown). However, no tRNA was bound to either
MMP0899 or MMP0900 during puriﬁcation (data not shown). This
might indicate that both domains of YbbB are involved in tRNA
interaction and that a single domain alone might not be able to
bind to tRNA efﬁciently.
3.4. Phylogeny
In order to reconstruct the phylogenetic relationship between
YbbB homologs identiﬁed in bacterial, archaeal, and eukaryotic
genomes we assembled amino acid alignments of full-length YbbB
proteins (i.e., the rhodanese and P-loop domains of the archaeal
YbbB homologs were concatenated). The use of an outgroup, con-
sisting of 7 bacterial and 6 archaeal single-domain rhodanese-like
proteins with close homology to the YbbB rhodanese domain, al-
lowed us to place an evolutionary root between YbbB proteins.
YbbB phylogeny (Fig. 4) is mostly in accordance with the standard
taxonomy, demonstrating that the evolution of this enzyme is lar-
gely characterized by vertical gene ﬂow and gene loss. All YbbB
sequences identiﬁed in eukaryotic genomes, however, branch
off within the bacterial lineage with either cyanobacterial or
alpha-proteobacterial sequences as their closest evolutionary
neighbors. This provides evidence that YbbB has been horizontally
transferred to these organisms, and most likely originated from
their bacterial photosynthetic endosymbionts. On the other hand,and archaeal YbbB homologs (shaded in yellow and orange, respectively), and
n green), which include bacterial rhodanese (GlpE) and phage shock protein (PspE).
nly bootstrap values P80% are shown. Scale bar represents 0.5 changes per site.
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The phylogenetic root is placed with high statistical support
between the bacterial and archaeal lineages, providing evidence
that tRNA
2-selenouridine synthase must have been already present in the
last common ancestor of bacteria and archaea from which it has
been vertically inherited to both these domains. This ﬁnding sug-
gests that the 2-selenouridine modiﬁcation in certain tRNAs was
an early invention of nature.
It seems likely that the fusion of two genes separately encoding
the rhodanese-like and P-loop domains gave rise to bacterial YbbB.
Assuming that this fusion event has taken place during the early
evolution of the bacterial lineage, the archaeal version of tRNA
2-selenouridine synthase may more closely resemble the ancestral
form of this enzyme. It cannot be fully excluded, however, that a
fused version of YbbB was already present in the last common
ancestor of archaea and bacteria. In that case a secondary split of
YbbB would have occurred in the last common ancestor that gave
rise to the Methanococcales.
It is yet unknown how tRNA 2-selenouridine synthase speciﬁ-
cally recognizes its substrate tRNAs, by which molecular mecha-
nism the sulfur atom in 2-thiouridine is replaced with Se, and
what role the P-loop domain of this enzyme plays in this reaction.
A tRNA 2-selenouridine synthase:tRNA co-crystal structure will
provide answers to these questions and the availability of a func-
tional bipartite tRNA 2-selenouridine synthase with separately en-
coded rhodanese and P-loop domains may turn out handy for
future structural and biochemical studies.
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